Abstract-In resource limited, large scale underwater sensor Multihop networks can also provide additional gains networks, cooperative communication over multiple hops offers through cooperation between terminals. Recent information opportunities to save power. Intermediate nodes between source theoretic results show that cooperation can increase the over- We show that, just like in the multi-antenna STBC case, TR
at the beginning and at the end of s(t) respectively [10] . The RI received signal at Ri at sampling times t corresponding to the first transmission block is 0~~~~ri,1(t) = VEshi(q lsl1(t) + wi,1(t), t = l, .., IN (4) and similarly for the second transmission block R2 ri,2(t) = Eshi(q-1)s2(t) + wi,2(t), t = 1, ... . N (5) Thus, ri, (t) is the received signal at time t, at relay i and block k, where k = 1, 2. The signal Sk(t) is the t-th source transmitted symbol of block k and can be taken from a PSK or QAM symbol constellation. The AWGN sequence Wi,k (t) has conditions. Section VII presents the conclusions. unit variance. Furthermore, wi,i(t) and wi,2(t) are assumed to be independent. The energy per transmit symbol is denoted II. SIGNAL MODEL by Es,
We first consider the discrete-time signal model for a
We assume, due to complexity and power limitations, that scenario with a single source terminal (S) communicating to the relays can only perform Amplify and Forwarding type a destination terminal (D) via a stage of two wireless relays operations on their received signals (amplification, complex as depicted in Figure 1 . A generalization for more than two conjugation or time shift). No channel estimation or symbol relays is given in Section IV.
detection is performed. In the case of flat fading, the work by
Since the channels between the multiple links contain ISI, Hua [1] has shown how an Alamouti-type processing can be we will employ a discrete-time filter notation to represent employed by the relays to achieve diversity gains. We now them. To exemplify the notation, for a generic input u(t) and describe its extension to multipath channels.
channel filter a(q-1) -with q-1 denoting the delay operator Both R1 and R2 transmit two blocks. Let Ui,k (t) denote the -the output v(t) is given by signal transmitted by Ri over block k and time t. In the first block R1 and R2 transmit, respectively
Ul,l(t) K= \/ r rl,l(t) where LC+ 1 is the number of channel taps and N is the block K2,2(t)
K2r2,2(t) (7) size. It is useful to note that where Ki,i = 1, 2 is a normalizing factor applied to the v(N1t+l) = a(q 1)u(N-t+1) = aiq i u(N-t+l) received signal of relay i, to make it unit power, and Er is a ithe transmit energy per symbol for each relay.
In the second block, the transmitted signals are
Denoting by the time-reversed input and output by ai(t) A U12(t) = rl 2 (t) (8) u(N -t + 1) and v-(t)^v(N -t + 1) respectively, we have
v(t) = v(N -t + 1) = a(q-1)u(N -t + 1) = a(q)u(t) (3)
K22(
Let hi(q-1) and gi(q-1) denote the S -Ri and Ri -D
We note that only R2 conjugates and time-reverses during channels respectively for a given relay i. Unless stated other-both of its blocks. This is different from the approach in [2] wise, we shall assume that all channels are independent, with where two co-located antennas perform conjugation and timetaps that are independently fading and quasi-static (constant reversal over the second block. Although both approaches are for a duration 2N plus any required guard bands, as explained equivalent for the STBC scenario, the latter would destroy the next).
quasi-static channel assumption of the current DSTBC setting. The source divides its transmission symbol stream s(t) into
The received signal at the destination for block k(k -1, 2) two blocks s1 (t) and s2 (t), each of length N and transmits is therefore given by them separated by a guard band to avoid interblock interference. For the same reason a preamble and a tail are inserted yk(t) -gl (q-l)1,k(t) + g2(q-)u2,k(t) + nh(t) (10) where nk (t) is the receiver AWGN with unit variance. Sub-The matched filter output vector is given by stituting the expressions for Ui,k(t) from above we have z(t)-HH(q q)y(t) (20) Xv(q' ,q) = X(q' ,q)f(q ')f*(q)I (23) Y2(t) V K gi(q_1)hi(q 1)s2(t) Thus, v1(t) and v2(t) are independent and the problem of 1 E jointly detecting si(t) and s2(t) from z(t) decouples: si(t) is F g2 q(q 1)n2(q)sj((t) + n(t) (12) detected from zi (t) and s2 (t) from z2 (t).
K2
Comparing matched filter outputs given by (39) and (22) '2 ,kthe overall effect of the "product" channels gi(q1)hi(q1), It follows, therefore, that the PSD of n'-(t), denoted by which increases ISI and results in non-Gaussian its statistical X(q-1, q) is given by properties.
where h(q-1) denotes the least square FIR approximation of [14] . For channels experiencing extensive mulwhere E EsEr. Note that the special case of flat fading tipath however (such as the underwater channels), the MLSE S-R and R-D channels and K1 = K2 = K corresponds to the detector can be prohibitively complex, and a decision-feedback channel matrix equalizer (DFE) has been shown to yield good results in F g1h1 g2h~~~~~~practice [15] . Hghl2 g2 (17) II COPING WITH IMPERFECT RELAY SYNCHRONIZATION which has an Alamouti [13] structure, as observed in [1] .
The distributed nature of the cooperative communication
Since we assume perfect CSI at the receiver, it can process strategy described in section II naturally brings up the question y(t) given by (15) with the matched filter HH (q-1, q). Due of whether the relays need to operate under perfect synchroto the orthogonality of H(q ,q), we have nization. Indeed, this is a common assumption in several HH(C 1 C)H(C 1 q)_ f(q l)f*(q)I (18) recently proposed distributed cooperation strategies [1] [16] where I is the identity matrix and we define the factorization In many practical situations, however, due to different /2 delays between the cooperative nodes and the destination, f(q l)f*(q) =(sv sFrg>*(q)g. (q 1)h/ *(q)h.li(q 1) achieving perfect synchronization can be very difficult [17] .
Vi= Ki
The long sound propagation delays in underwater networks (19) can, therefore, potentially increase this problem.
A direct consequence of imperfect synchronization between are transmitted; in the last four blocks, relays is the the introduction of time dispersion in the channels even in frequency flat channels [17] over eght bocks: n thefirst our bocks,Denoting by gi(q-) the channels from relay i to destinask(t) E=dk(t), k 1,.. , 4
(29) tion, the received signal at destination (after time reversing and conjugating the second-half received blocks) is orthogonal design of size I x n where I < n, can be obtained 4 -1 by deleting n -I columns of the 2n x n design. Hence, the Z-i= w~,i,(t)gi(q1) + rji(t) TR-1/2 scheme can be generalized to any number of relays in straightforward fashion. We adopt a geometry-based multipath model similar to [I I], [12] . All paths in individual S-R or R-D links are assumed to 4=i 'i*s(t)g (q1) + r1s(t) be independent and Rayleigh fading. The main difference in fi(q1) f2(q-) f3(q ) f4(q 1) our model is that we assume multipath components are fading.
f2(q 1) fi (q-1) f4 (q-1) f3(q-1)
As is common in this case, we consider a quasi-static fading
model, in which the channel is constant within a fixed duration -f4(q-1) f3(q-1) fl(q1) f2 (q1) 
-f3(q-1) f4 (q-1) fi(q-1) -f2(q-1) where k = 1.5 for practical spreading, fc is the carrier H(q1q) |f4 (q-1) -f3(q-1) f2 (q-1) f, (q-1) frequency and absorbtion coefficient a(fc) ( with either 2 or 4 relays, as described in Sections II and IV.
consisting of 4 blocks, each one given by The modulation is BPSK with a symbol duration of T = 2.5 jointly detecting di(t), i =1, ..., 4 from z(t) again decouples, strategy, and 3 taps for the direct communication approach. In just like in the 2-relay case. the latter case, multipath arrivals can occur within a fraction It turns out that [8] : i) a rate 1/2 complex orthogonal design of a symbol time. In this case these arrivals can add up exists for any size 2n x in where in is a power of two; ii) an constructively [12] , and thus result in a stronger path, or 
